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Tidal marshes provide important ecosystem services

1. Carbon sequestration
→ among highest rates of all natural systems

2. Natural coastal protection
→ storm surges, wave erosion

3. Water quality improvement

4. Important habitat for commercial fisheries



Tidal marsh conversion to human land use and restoration
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waters is lost, causing water levels to rise 

faster in the remaining channels of a delta. 

In the Ganges-Brahmaputra delta, this has 

contributed to an effective sea-level rise of 17 

mm per year since 1960; near the coast, this 

rate is 10 mm per year ( 10). Similarly in the 

Rhine-Meuse-Scheldt delta, effective sea-

level rise is up to 15 mm per year since 1930, 

which is five times the rate at the coast ( 3).

Conventional engineering thus uninten-

tionally exacerbates long-term flood risks 

and compromises the sustainability of delta 

communities. In contrast, new nature-

based engineering solutions should include 

the restoration of large wetlands between 

rivers and human settlements, which can 

provide extra water storage, slow down 

flood propagation, and reduce flood risks 

in populated parts of a delta (3) (see the 

figure, panel C). At the same time, restored 

wetlands have a high capacity to build up 

sediments, regain elevation on formerly 

embanked and lowered land (11), and sur-

vive long-term sea-level rise (7). Unlike con-

ventional engineering, which Tessler et al. 

argue will become more expensive in the 

future, nature-based solutions are largely 

self-sustaining and cost-efficient (3) and 

could therefore make deltas less vulnerable 

to rising energy costs.

Ecosystem-based engineering projects are 

just beginning to be designed and imple-

mented ( 3,  4). In the Mississippi delta, there 

are ambitious plans to divert sediment-laden 

river water back onto the delta plain (see  2 in 

the figure) ( 4, 8). These efforts would build 

or prevent the loss of more than 500,000 ha 

of wetlands and contribute to reducing an-

nual flooding damage to New Orleans and 

coastal Louisiana by US$5.3 to $18 billion in 

50 years ( 12). Projects designed to stimulate 

natural wetland-building processes with 

sediment delivered through river diversions 

are estimated to cost about 10 times less 

than projects with conventional sediment 

delivery by barge or pipeline ( 12).

In the Belgian part of the Rhine-Meuse-

Scheldt delta (see the photo), around 

4000 ha of historically embanked flood-

plains will be restored by 2030. These efforts 

should lower a 1-in-100-year storm surge 

by 60 to 80 cm and are more cost-efficient 

than conventional heightening of dikes ( 12). 

In Bangladesh, unintended dike breach-

ing caused rapid elevation gain of several 

decimeters within 2 years of tidal flooding, 

inspiring scientists to propose temporary 

controlled dike breaches as a method to re-

gain elevation on formerly embanked and 

lowered land ( 9). Once the land would be 

built up, it could be re-embanked, and hu-

man land use such as agriculture could start 

again (see  3 and  4 in the figure).

Building land with a rising sea and a 

growing coastal population requires strate-

gies that combine conventional engineering 

with the restoration and maintenance of 

wetlands and natural delta-building pro-

cesses. Advances in ecosystem-based engi-

neering may mitigate the risks associated 

with conventional engineering and rising 

energy costs. The few existing examples, 

however, are too recently implemented 

to fully evaluate their long-term success. 

More proof-of-concept projects with exten-

sive monitoring are urgently needed in the 

search for science-based solutions to safe-

guard delta societies around the world.        ■
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Sinking or rising deltas. In natural deltas (A), land can rise in balance with sea level through sediment accumulation in regularly inundated wetlands. In deltas with conventional 

engineering (B), land rise through sedimentation is prevented by flood-protecting structures like dikes and upstream river dams; land sinks due to human activities like soil drainage; 

and extreme water levels rise due to loss of wetlands. As Tessler et al. show, reliance on conventional engineering of this kind poses a risk to populations living in deltas around 

the world.In contrast, we propose that nature-based engineering solutions (C) can help to maintain land-building  processes and flood storage through wetland conservation and 

restoration, for instance by dike removal (1), controlled dike breaching and river diversions (2), and temporary dike breaching and subsequent re-embankment (3) and (4). 

1Ecosystem Management Research Group, University of 
Antwerp, B2000 Antwerp, Belgium. 2Virginia Institute of 
Marine Science, College of William and Mary, Gloucester Point, 
VA 23062, USA. E-mail: kirwan@vims.edu, 
stijn.temmerman@uantwerpen.beIL

L
U

S
T

R
A

T
IO

N
: 

A
D

A
P

T
E

D
 B

Y
 P

. 
H

U
E

Y
/
S
C
IE
N
C
E

10.1126/science.aac8312

Published by AAAS

on January 8, 2019
 

http://science.sciencem
ag.org/

D
ow

nloaded from
 

Temmerman and Kirwan (2015).
Building land with a rising sea. Science.



Tidal marshes are threatened by climate/environmental changes

Capacity to build up with sea level rise limited by

• rate of sea level rise

• availability of sediments

• capacity of vegetation to trap sediments



Elementary bio-geomorphic feedbacks in tidal marshes

Vegetation induces friction

→ flow attenuation

→ sediment accretion

complex, so‐called scale‐dependent feedback occurs [Bouma
et al., 2009; Temmerman et al., 2007; van Wesenbeeck et al.,
2008]: at a small scale, within the vegetation patches, flow
velocities and erosion are indeed reduced, and it has been

experimentally demonstrated that this results in improved
plant growth (positive feedback) [van Wesenbeeck et al.,
2008]; but at a larger scale, the water is partly forced to
flow around the vegetation patches, leading there to
increased flow velocities, to erosion [Bouma et al., 2007],
and to inhibition of plant growth just next to the vegetation
patch (negative feedback) [van Wesenbeeck et al., 2008]
(Figure 1a). Although scale‐dependent feedback around
static vegetation patches has been empirically demonstrated
[Bouma et al., 2009; van Wesenbeeck et al., 2008], it is not
known yet how dynamic vegetation patches, which grow in
size and consequently come closer to each other, affect the
strength of the scale‐dependent feedback. In other words, the
effect of patch size and interpatch distance on the flow
acceleration around vegetation patches is not yet understood.
[4] It has been shown that scale‐dependent feedback

between organisms and their environment results in the self‐
organization of regular spatial patterns in a broad range of
ecosystems (see Rietkerk and Van de Koppel [2008] for an
overview). Recently, there have been strong indications that
scale‐dependent feedback is also crucial for the formation of
landscapes that are affected by flowing water and that are
colonized by patchy dynamic vegetation. For example,
aerial photographs and modeling of an intertidal landscape
suggest that colonization of a bare mudflat by laterally ex-
panding vegetation patches results in sediment accretion
within the vegetation patches and at the same time channel
erosion in between the growing vegetation patches (Figure 1b,
ellipse). The model suggests that, through this mechanism, an
initially bare mudflat with few or no channels evolves into a
vegetated marsh platform dissected by a regular pattern of
channels [Temmerman et al., 2007]. Similarly, a scaled flume
study demonstrated that an unvegetated river floodplain with
a braiding pattern of multiple shallow channels may develop
by plant colonization into a vegetated floodplain with a
single deep river channel [Tal and Paola, 2007]. Here we
stress that flow reduction within vegetation patches together
with flow acceleration in between laterally growing vegeta-
tion patches is the key mechanism that is responsible for the
shift between unvegetated and vegetated landscape states.
Therefore, it is crucial to quantify the amount of flow
acceleration around and between growing vegetation patches,

Figure 1. (a) Scale‐dependent feedback around a vegeta-
tion patch in an intertidal landscape (S. anglica patches,
SW Netherlands). The positive feedback within the vegeta-
tion patch leads to flow reduction, sediment accretion, and
improved plant growth. The negative feedback around the
patch results in flow acceleration and erosion, which nega-
tively affects the plant growth conditions. (b) Aerial photo-
graphs showing the evolution of an intertidal landscape in
time (SW Netherlands). The lateral expansion of patches re-
sults in an increase of patch size and a decrease of interpatch
distance (compare 1989 and 1993, patches within ellipse). In
between the growing patches, erosion may occur, resulting
in channel initiation and a stop in the lateral patch expansion
(compare 1993 and 1996, patches within ellipse, arrow
points toward a pool, initiated by erosion in between the
patches). The circle shows the growth of neighboring
patches that merge into a closed vegetation field.

VANDENBRUWAENE ET AL.: FLOW INTERACTION WITH DYNAMIC PATCHES F01008F01008
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Vegetation-induced friction in bio-geomorphic models
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The hydrodynamic model computes fl ow characteristics, such as fl ow 
velocities, turbulence generation and dissipation, and bed shear stress, 
over a three-dimensional fi nite difference grid, based on the shallow-
water equations with a k-ε turbulence closure model (Lesser et al., 2004). 
The model explicitly accounts for the infl uence of rigid cylindrical plant 
structures (stems, leaves) on drag and turbulence. The plant infl uence on 
drag leads in the momentum equations to an extra source term of friction 
force caused by the plants (equation 1; note that all equations herein are 
in Table DR1 [see footnote 1]). The plant infl uence on turbulence leads in 
the k-ε equations to an extra source term of turbulent kinetic energy (equa-
tions 2–4) and turbulent energy dissipation (equations 5–8) caused by the 
plants. This plant-fl ow interaction model has been extensively described 
and validated against fl ume data (Bouma et al., 2007) and fi eld measure-
ments on tidal marshes in the study area (Temmerman et al., 2005).

The morphodynamic model is based on the advection-diffusion 
equation for suspended sediment transport (equation 9). Erosion and sedi-
mentation are modeled as functions of bottom shear stress (equations 10 

and 11) and result in net elevation changes (equation 12). This morpho-
dynamic model was also described and validated against fi eld measure-
ments on tidal marshes in the study area (Temmerman et al., 2005).

The plant growth model simulates spatio-temporal changes in stem 
density of Spartina anglica as the sum of (equation 13): initial plant estab-
lishment in bare grid cells of the model grid, which is modeled stochasti-
cally (equation 14); lateral expansion of plants to neighboring cells, which 
is modeled using a diffusion equation (equation 15); growth of stem den-
sity within a cell up to its maximum carrying capacity, which is modeled 
using a logarithmic growth equation (equation 16; commonly used in eco-
logical models [Yodzis, 1989]); plant mortality caused by tidal fl ow stress, 
which is modeled as proportional to the bed shear stress exerted by the fl ow 
(equation 17); and plant mortality caused by tidal inundation stress, which 
is modeled as proportional to inundation height at high tide (equation 18).

Input values for the model were obtained from published fi eld data and 
model calibration (Temmerman et al., 2005, for the hydrodynamic and mor-
phodynamic model; Van Hulzen et al., 2007, for the plant growth model) 
(Table DR2; see footnote 1). The model was applied to a rectangular grid, 
representing a horizontal domain of 80 × 600 m with a 2 × 2 m horizontal 
resolution and 8 vertical layers (Figs. 2 and 3). Simulations were started 
from a fl at topography (elevation 1.6 m above mean sea level) without any 
plants. In each model iteration, the hydrodynamic model is fi rst solved for 
one average tidal cycle with a time step of 3 s. Tidal action was simulated 
by imposing a sinusoidal water-level fl uctuation at the north and south open 
boundary of the grid (amplitude = 2.4 m; period = 745 min; phase difference 
between both boundaries = 24 s). Second, topographic changes were com-
puted with the morphodynamic model and multiplied by the total number of 
tidal inundations per year to obtain the new topography after a coarse time 
step of one year. Third, the plant growth model was run to compute the new 
spatial stem density distribution after the same year. The calculated topog-
raphy and stem density distribution were used then as input for the next 
hydrodynamic computation. Feedback loops were run until a stable plant 
density distribution (average change <0.1 stems/m2/yr) and stable topogra-
phy (average elevation change < 0.1 mm/yr) were obtained.

RESULTS
The fi rst aerial photo (1989) shows an almost bare tidal fl at, except 

from some small vegetation patches, indicating that Spartina colonization 
just started (Fig. 1A). These patches are all circular, due to lateral clonal 
expansion of Spartina individuals into tussocks. Some small channels are 
visible, which were probably formed when plant colonization had not yet 
started. These channels disappear with ongoing plant colonization on the 
next photos. By 1993, Spartina tussocks have laterally expanded, resulting 
in some places in coalescence of neighboring tussocks to larger, irregu-
larly formed vegetation patches (Fig. 1B, left part). Meanwhile the estab-
lishment of new small tussocks continues (e.g., central part of photo). No 
clear channel patterns are visible. By 1996, further establishment, lateral 
expansion, and coalescence of tussocks resulted in closed Spartina swards 
(Fig. 1C, left part). These swards are dissected by channels that clearly 
developed by that time. Establishment and lateral expansion of tussocks 
continued in the right part of the photo, accompanied by the development 
of scour holes around and between tussocks. The last two photos (1998 
and 2001) show further closing of the vegetation together with channel 
formation between vegetated areas (Figs. 1D, 1E).

Our model reproduces the observed patterns of plant colonization 
and channel formation very well (Fig. 2), suggesting that both patterns are 
the result of plant-fl ow feedbacks. The simulations start from a completely 
homogeneous fl ow fi eld. Once plant establishment starts, simulated fl ow 
velocities and bed shear stresses are reduced within and behind vegeta-
tion patches, due to friction exerted by the vegetation. In addition, vege-
tation patches obstruct the fl ow, resulting in increased fl ow velocity and 
bed shear stress between vegetation patches (Fig. 2A). As the lateral expan-
sion of vegetation patches continues, fl ow becomes increasingly concen-

1989
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51°23’4’’ NL

51°23’2’’ NL

Figure 1. Aerial photographs documenting patterns of plant coloni-
zation by Spartina anglica (red color) and channel formation on tidal 
fl at (Plaat van Valkenisse, Scheldt estuary, southwest Netherlands). 
Tidal fl ow alternates from top to bottom of photos, and vice versa. All 
photos are taken at low tide, when area is dry.

Classical approach

→ averaged biomass (only)

New approach

→ averaged biomass

→ vegetation heterogeneity
(subgrid-scale)
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A numerical experiment to quantify subgrid-scale friction



A numerical experiment to quantify subgrid-scale friction

Flow attenuation: Q ′− = 1− Q

Q0

Q discharge through patch

Q0 discharge if no vegetation

→ relative discharge not going through vegetation

→ proxy for subgrid-scale friction



Flow attenuation decreases with vegetation clustering



Flow attenuation decreases with vegetation clustering



Flow attenuation decreases with vegetation clustering



Flow attenuation decreases with vegetation clustering



Flow attenuation decreases with vegetation clustering



Flow attenuation decreases with vegetation clustering



Classical approach overestimates flow attenuation



Electronic circuit analogy

Ohm’s law: U = RI Chézy formula:
√
hi =

1

C
v

U electric potential
I electric current
R electric resistance

√
hi flow potential
v flow velocity

1/C flow resistance (friction)

In series: Req = R1 + R2 + · · · Along-flow:
1

Ceq
=

1

C1
+

1

C2
+ · · ·

In parallel:
1

Req
=

1

R1
+

1

R2
+ · · · Cross-flow: Ceq = C1 + C2 + · · ·



New approach simulates flow attenuation better



Marsh restoration project at the Belgian/Dutch border
Hedwige and Prosper Polder

Stijn Temmerman, et al.

A bio-geomorphic model for
smart design of climate
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Demeter: new bio-geomorphic modeling framework
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Landscape-scale long-term simulation
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Landscape-scale long-term simulation
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Landscape-scale long-term simulation



Lower accretion rates
with new subgrid friction approach



Wider and shallower channels
with new subgrid friction approach

classical approach new approach



Wider and shallower channels
with new subgrid friction approach

classical approach new approach



Wider and shallower channels
with new subgrid friction approach



Take-home messages

1. Friction decreases with vegetation clustering
→ classical subgrid approach overestimates friction

2. Our new approach allows for better estimation of subgrid friction
→ extra computational cost very low!
→ impact on accretion rates at landscape-scale

3. Our new approach suggests that tidal marshes are more vulnerable to sea level rise
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A numerical model validated against flume measurements

Flume experiment

vegetation in The Netherlands, showing that current velocities were pro-
portional to the tidal amplitude, and could reach velocities up to slightly
over 0.30 m s−1 (Bouma et al., 2005b). In tidal systems the water
depth will vary over time and depend on the local tidal amplitude. How-
ever, technical limitationsmade it impossible to increase thewater depth

during the experiments, given the height of the weirs and flume walls
and the need for higher pumping capacities. Lowering the water depth
was also not possible because of problems with air entering the huge
pumps. Given the constraint that we could only use a single water
depth, a water depth was selected that represented situations where
the plants interact with the fastest currents (Bouma et al., 2005b), and
that illustrate the effect of shifting from emergence to submergence
(Table 1).

Current velocities and patterns at the water surface were measured
using Particle Image Velocimetry measurement (PIV; see Section 2.3),
and current velocities within the water column were measured with
8 electromagnetic flow meters (EMF-meters) at 0.125 m above the
bottom surface, which was found to be representative for the depth-
averaged current velocity in the flume (see Vandenbruwaene et al.,
2011). To avoid disturbance by the EMF-meters on the PIV images, we
assumed that flow around the tussocks was symmetrical, so that the
PIV analysis and EMF measurements could be carried out separately on
the two sides of the tussock (Fig. 2). After steady flow conditions were
reached (i.e., always within 6 min after starting the pumps), we mea-
sured the flow during a 12-minute period with a frequency of 25 Hz,
in order to obtain a long enough time-series for statistical analyses.
Two upstream flow EMF-meters measured the incoming flow velocity
as a reference and to check the proper working of the flume, while
the other 6 EMF-meters were used to quantify the flow deceleration
within the tussock (X=2 m; Fig. 2C) and flow acceleration next to the
tussock along a cross-sectional transect (X=−3.0, −1.5, −0.9, −0.3,
and −0.15 m; Fig. 2C). For the highest incoming velocity (0.3 m s−1),
this cross-sectional transect of EMF-meters was deployed at 3 positions
relative to the downstream vegetation edge: Y=0.25 m indicates that
velocities were measured 25 cm before the downstream end of the
vegetation patch; Y=−1 and Y=−3 m indicate that velocities were
measured 1 and 3 m downstream of the vegetation (Fig. 2C). For the
other velocities (0.1 and 0.2 m s−1), the cross-sectional transect of
EMF-meters was only deployed at Y=0.25 m.

As the costly nature of this kind of large-scale flume experiment
makes it impossible to do true replicates, we used the 12-minute
25 Hz velocities measurements after steady state flow conditions were
reached to do some basic statistics. Analyses for autocorrelations within
these velocity measurement showed that measurements taken 10 s
apart were uncorrelated. Sub-sampling the whole data series with 10 s
intervals allowed us to do an ANOVA on these uncorrelated velocity
measurements. As all terms in these ANOVA's were significant, individ-
ual points could be compared by Tukey HSD post hoc testing. Doing this
for all points showed that on average, differences between two relative
flow rates were significant if larger than 0.08%. To maximize readability
of the results, we only indicated an error bar of 0.08% to visualize signif-
icant differences.

2.3. Particle Image Velocimetry measurements

Particle Image Velocimetry (PIV) measurements were used to mea-
sure current velocities at the water surface over a larger spatial scale,
by tracking over time the movement of particles floating with the
water (for review, see Adrian, 2005 and references therein). A video
camera was mounted about 15 m above the inner rectangle of the
basin, perpendicular to the floor, to record flow images in an area of
approx. 6 m×10 m (Fig. 2). The camera (Retiga 1300, monochrome
with an 8 mm lens) had an acquisition velocity of 6 frames per second
and an image resolution of 1280×1024 pixels, with a grey scale resolu-
tion of 12 bits. The camerawas connected to a pcwith image acquisition
and processing software. For each experiment, a sequence of about
400 frames was recorded.

To measure flowwith PIV, particles must be added to the water and
made visible by providing proper illumination. Based on availability, two
types of seeding were used: either low-density polyethylene (LDPE)
particles with a diameter of 3 mm, a density of 920 kg m−3 and a

Fig. 2. Schematic representation of our flume measurements, with a picture of the flume in
operation (A), a picture showing the placement of the vegetation (B) and a schematic draw-
ing of themeasuring lay-out (C).When showing themeasuring lay-out, the exact locations of
the electromagnetic flow meters (EMF-meters) in the flume are zoomed-in on (grey dots,
which can be referred to by X,Y-coordinates in meters). As a result, the diagram only
shows part of the total area for which PIV measurements were done.

60 T.J. Bouma et al. / Geomorphology 180–181 (2013) 57–65

Vandenbruwaene, et al. (2011). Flow
interaction with dynamic vegetation patches.

Journal of Geophysical Research.

Bouma, et al. (2013). Organism traits
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